A series of poly(butylene terephthalate) copolyesters containing 5-tert-butyl isophthalate units up to 50%-mole, as well as the homopolyester entirely made of these units, were prepared by polycondensation from the melt. The microstructure of the copolymers was determined by NMR to be at random for the whole range of compositions. The effect exerted by the 5-tert-butyl isophthalate units on thermal, tensile and gas transport properties was evaluated. Both T m and crystallinity as well as the mechanical moduli were found to decrease steadily with copolymerization whereas T g increased and the polyesters became more brittle. Permeability and solubility sligthly increased also with the content in substituted units whereas the diffusion coefficient remained practically constant. For the homopolyester poly(5-tert-butyl isophthalate), all these properties were found to deviate significantly from the general trend displayed by copolyesters suggesting that a different chain mode of packing in the amorphous phase is likely adopted in this case.
Introduction
Poly(butylene terephthalate) (PBT) is a semicrystalline thermoplastic widely used in the manufacturing of durable goods formed by injection-molding. The specific advantages that make PBT the plastic of choice over poly(ethylene terephthalate) (PET) and nylons are its high crystallization rate and crystallinity, and its low affinity for water. Fast crystallization allows injection-molding with short cycle times with production of pieces with high dimensional stability. Since PBT absorbs less than 0.1% of water, its thermal and mechanical properties are essentially unaffected by moisture.
These characteristics justify the commercial success of PBT in spite of being made of a more expensive raw material (1,4-butanediol vs. ethylene glycol) and to exhibit lower melting point and slightly poorer mechanical properties than PET. 1 Most of PBT is mainly used in blends to give a balance of properties for different injection-molding applications. PET, polycarbonate and styrenic copolymers are extensively used for this end. In most cases, the second ingredient is added in minor amounts, so PBT invariably constitutes the continuous phase of the blended material. 2 A variety of optical, mechanical and surface properties can be improved by blending. In some cases, transesterification reactions take place upon blending which leads to copolymers with high phase compatibility and stability. 3 Copolymerization is becoming more and more attractive, both for industrial and academic interests, as a convenient way to develop new materials with improved properties and processability. Copolymerization addressed to the modification of the technical properties is a sustained research activity in the PBT field, 4, 5 in which the realization of the present work should be framed. Recently we have reported on PET copolymers containing 5-tert-butyl isophthalate units. 6 In these copolymers, the presence of the asymmetrical isophthalic structure combined with the bulkiness of the tert-butyl group introduced significant changes in the crystallizability, mechanical behavior and gas transport properties of PET. It was there observed that the inserted substituted isophthalate units are unable to enter in the poly(ethylene terephthalate) crystal lattice.
In this contribution, we want to report on the synthesis and characterization of the copolymers resulting from the polycondensation of 1,4-butanediol with mixtures of dimethyl terephthalate and 5-tert-butyl isophthalate acid. The thermal, mechanical and transport to gasses properties of the new copolymers are examined in order to evaluate the influence of the copolymerization in the behavior pattern of PBT. A detailed study of the crystal structure and crystallization kinetics of these copolymers will be reported in a soon coming paper. 
Experimental section

Synthesis
For the synthesis of PBT homopolyester, DMT and BD in a molar ratio 1:2.2, and TBT were introduced into a three-necked 100 mL round-bottom flask equipped with a mechanical stirrer, a nitrogen inlet, and a vacuum distillation outlet. The temperature was raised to 190 °C and the mixture was stirred for 5 h under a steady nitrogen flow. Approximately 0.6 mmol of TBT catalyst per mole of monomer was used.
Polycondensation was then performed at 260 °C under a pressure of 0.3-0.5 mbar. The polymerization was allowed to proceed at this temperature for 2 h, after which, a high viscous liquid was obtained. The reaction mixture was then cooled down to room temperature and atmospheric pressure was recovered with nitrogen flow to prevent degradation. The solid mass was dissolved in chloroform/TFA 8/1(v/v) and the polymer precipitated with cold diethyl ether, collected by filtration and extensively washed with cold methanol and diethyl ether.
Essentially the same procedure was applied for the synthesis of PB t BI using a t BIA:BD molar ratio of 1:3. In this case, however, the polycondensation reaction was conducted at 240 ºC for 3h and pure chloroform was used for dissolving the crude polymer. Copolyesters PBT t BI were prepared using a mixture of DMT and t BIA in the selected proportions and the 3:1 molar ratio of diol to diacid being applied now to the sum of the two diacidic comonomers. . Molecular weights and molecular weight distributions were calculated against monodisperse polystyrene standards using the Maxima 820 software.
The thermal behavior of the polyesters was examined by differential scanning calorimetry (DSC) using a Perkin-Elmer DSC Pyris 1 calibrated with indium. DSC data were obtained from 4-6 mg samples under nitrogen circulation. Heating/cooling rates of 10 °C min -1 were routinely used except for determination of glass temperatures, where the heating rate was 20 ºC min -1 . Thermogravimetric analysis (TGA) was carried out with a Perkin-Elmer TGA-6 thermobalance at a heating rate of 10 °C min -1 under a nitrogen atmosphere.
Tensile tests were performed on rectangular specimens (40 mm x 5 mm) cut from 200 µm-thick films, which were obtained by melt compression. For this the material was sandwiched between two steel platens covered with teflon-coated aluminum foil and appropriate spacers were used to control the thickness of the film.
The platens were placed in a press and heated at a temperature 20 ºC above the T m of the corresponding polymer for 5 min. Successive increasing pressures of 13, 25 and 50 kg cm -2 were then applied, the platens being held at each pressure for 1 min. Finally the pressure was released and the platens quenched in cold water. DSC thermograms from these films showed no signs of crystallinity. The probes were stored under vacuum for 48 h before use. The tensile tests were conducted at room temperature on a Zwick BZ2.5/TN1S universal tensile testing apparatus operating at a constant crosshead speed of 10-mm min -1 using a 0.5 N pre-load and a grip-to-grip separation of 20 mm. All reported tensile data represent an average of at least three independent measurements.
Gas were tested with nitrogen, oxygen, and carbon dioxide.
Results and discussion
The PBT t BI copolyesters described in this work were prepared by a two-step melt-polycondensation as indicated in Scheme I. We have previously used this procedure in the preparation of PET copolymers containing 5-tert-butyl isophthalic acid units. Transesterification of DMT and esterification of t BIA with 1,4-butanediol to form low-molecular weight hydroxy-capped esters took place in the first stage. This process evolved at 190-220 ºC with generation of methanol and water, which were continuously removed from the system to drive the reaction in the desired direction.
Copolycondensation of these compounds leading to PBT t BI copolyesters took place in the second step at higher temperature and under vacuum conditions to eliminate the excess of BD. The copolymers obtained by this procedure are listed in Table I, where their compositions, viscosities, molecular weights and feed comonomer contents used in each case are given. The homopolyesters PBT and PB t BI were prepared by the same procedure for comparison purposes and their data have been also included in Table I .
Scheme I; Table I The chemical structure of the polyesters was ascertained by NMR H NMR spectra are given in Table I . Figure 1 ; Scheme II; Table II As it is shown in Figure 2 , carbonyl signals in 13 C NMR spectra appeared split in three or four peaks corresponding to the triads structures that are feasible to occur in the copolyester. Quantification of the peak areas led to determine the content in terephthalate-centered triads (TTT, tTt and TTt or tTT) and tert-butyl isophthalatecentered triads (TtT, ttt and Ttt or ttT). The triad compositions were then used to calculate the average sequence lengths and the randomness of each copolymer.
Experimental and calculated values for the different copolyesters are collected in Table   III . The correspondence between experimental results and the Bernouilli functions for each type of triad is illustrated in Figure 3 . We have used previously this methodology in the analysis of PET t BI copolyesters. 6b Figure 2 ; Table III; Figure 3 The NMR analysis clearly indicated that a) the composition of the resulting copolymer is essentially the same as that of the feed from which it is generated, and b) the copolymers have a microstructure with the terephthalate and isophthalate units distributed along the chain almost perfectly at random. Such a result could be rather striking since the free 5-tert-butyl isophthalic acid had to compete with the terephthalate dimethyl ester. Apparently any preference for the diol existing at the esterification reaction must be then mitigated by extensive transesterification that presumably takes place in the later stage of the process. Similar results were previously observed in the preparation of PET t BI copolymers, which were obtained by reaction of the same mixture of diacid and dimethyl ester with ethylene glycol.
The thermal behavior of PBT t BI copolyesters was examined by TGA and DSC.
Thermograms recorded from PBT t BI copolyesters are reproduced in Figure 4 for illustration, and data obtained for the whole set of polyesters are compared in Table IV. PBT is a polyester that distinguishes by its high thermal stability. 8 The TGA analysis showed that the thermal stability of PBT seems to be slightly increased by copolymerization with t BIA. As it is shown in Table IV , the whole decomposition process seems to be delayed as the content in t BI units increases. This effect must be associated to the mere presence of isophthalic structures in the polyester chain rather than to the tert-butyl group since a similar increase in the decomposition temperature is also observed for the homopolyester PBI. Figure 4 ; Table IV DSC analysis revealed that T g increases steadily along the series with the content in t BI units. This effect is exactly the same as that observed for PET copolymers containing the same units and corroborates the strong ability that the tertbutyl isophthalate unit has to restrict the chain mobility. 6b This effect is also reflected in the "crystallizability" of the copolyesters, which appears to diminish with copolymerization. Both crystallinity and melting temperature descend with the content in tert-butyl units, and only copolymers containing a maximum of 20% of such units are able to crystallize from the melt in sufficient amount as to be detected by conventional calorimetry. These results together with those previously obtained with PET Table V . Comparison with homopolymer PBT was neglected since amorphous films of this polyester could not be prepared. As it was expected from the disturbing packing effect of the tert-butyl side group, the permeability was observed to increase with the content of t BI units for the three gases that were investigated, the effect being less pronounced for the smaller N 2 molecule (Figure 6 ). Such a straightforward trend is not shared however by either diffusion or solubility coefficients.
In fact, D was found to attain maximum values for the PB t BI homopolymer whereas it decreased slightly with copolymerization. On the other side, S appeared to have a rather opposite behavior displaying minimum values for PB t BI.
It should be remarked that the same influence of copolymerization on permeability was reported for PET t BI copolyesters although the effect was there more pronounced. In spite that the number of aromatic polyesters containing tert-butyl isophthalate units that have been examined to date is rather limited, it can be concluded that the effect of the insertion of such units is rather complex. Whereas the permeability appears to be enhanced in all cases, the influence on diffusivity and solubility depends on both the nature of the parent homopolymer and the size and polarizability of the gas molecule.
Conclusions
PBT copolymers containing 5-tert-butyl isophthalate units at random can be readily prepared in a wide range of compositions by polycondensation from the melt.
The composition of the copolymer may be adjusted by choosing the comonomer ratio in the feed. The incorporation of the tert-butyl substituted units largely modifies the behavior of the parent polymer according to the disturbing effect that the tert-butyl group is expected to have in the packing of the polymer. The most outstanding effect is the notable increase that is observed in T g. On the contrary, crystallinity was found to be depressed with a decay in both melting temperature and enthalpy with copolymerization, and consequently mechanical moduli appeared to be weakened. a Permselectivity is defined as P A /P B .
